T AMARIXAPHYLLA biomass (TAB) is a low cost adsorbent that has been used for the removal of Pb(II) ions from an aqueous solution. It was characterized by Fourier Transform Infrared Spectroscopy (FT-IR) and Scanning Electron Microscopy (SEM) to support the adsorption of Pb(II) ions. The ability of TAB to adsorb Pb(II) ions was investigated by using batch adsorption procedure. The effects of various parameters such as solution pH, adsorbent concentration, contact time and initial Pb(II) ions concentration were examined. The adsorbent data were analyzed using two, three, four and five parameter models at 30 o C by using nonlinear regression analysis.Various kinetic models including the Pseudo-first-order, Pseudo-second-order, Elovich, Intra-particle diffusion and Bangham models have been applied to the experimental data to predict the adsorption mechanism. It was found that pseudo-second-order rate was better obeyed than pseudo-first-order reaction supporting that chemisorption process was involved. The examination of error analysis methods showed that the Langmuir model provide the best fit for experimental data than other isotherms. The obtained results show that TAB can be used as an effective and a natural low-cost adsorbent for the removal of Pb(II) ions from aqueous solutions.
Introduction
Heavy metal pollution is one of the world's most important environmental issues since heavy metals show high toxicity due to their solubility in water and easily accumulation in living organisms. Heavy metal contamination in wastewater is generated from various industrial processes such as mining, iron and steel, painting, and battery manufacturing [1] .
Lead is a soft, malleable, ductile and dense metal. Due to its corrosion resistant characteristics, Pb has been historically used in plumbing. The other major use of Pb is in leadacid batteries manufacturing and formation of lead alloys. However, as, lead is toxic in nature. The high exposure to Pb can increase the risk of kidney failure, disruption of central nervous system, brain damage and even death [2] . There are different methods to treat the wastewater; the treatment methods are based on the level of the waste and the cost of treatment [3] . Conventional methods for the removal of the heavy metal ions from wastewater include chemical precipitation, electro flotation, ion exchange, reverse osmosis and adsorption onto activated carbon. These methods have been found to be limited, since they often involve high capital and operational costs, incomplete removal [4] and may be associated with the generation of secondary waste which is again to be treated or to be safely disposed off [5] .
Adsorption provides one of the most effective methods for removing heavy metal ions from aqueous solutions [6] . Activated carbon is the most widely used adsorbent for this purpose because of its extended surface area, microporous structure, high adsorption capacity and high degree of surface reactivity. However, commercially activated carbons are very expensive [7] . This led to search for cheaper adsorbent for heavy metal removal. The agricultural wastes [8] were considered as low-cost since they 1) require little processing and 2) are abundant in nature. Commonly, it concerns vegetal materials, and then the term of biosorption is used to designate the fixation of contaminants onto biomaterials. Recently, numerous low-cost alternative adsorbents have been examined for the removal of Pb(II) ions from wastewater [9] [10] [11] [12] [13] [14] . The abundant and availability of TAB residues makes them a good candidate for incorporation as bio-adsorbent of heavy metals from wastewater.
The aim of the present work is to explore the possibility of utilizing TAB for the adsorption of Pb (II) ions from aqueous solutions. The effect of such factors as pH, adsorbent dose, adsorbate concentration, contact time and initial concentration was investigated. Experimental equilibrium data were fitted to the Freundlich, Langmuir, Dubinin-Radushkevich, Halsey and Temkin (two parameter models), RedlichPeterson, Sips, Khan, Hill, Radke-Prausnitz, Langmuir-Freundlich and Toth (three parameter models), Fritz-Schlunder and Baudu (four parameter models) and Fritz-Schlunder (five parameter model) at 30 o C by using non-linear regression analysis. Error analysis was carried out to test the adequacy and the accuracy of the isotherm models. The kinetics of Pb(II) ions adsorption on the adsorbent was analyzed by fitting various kinetic models.
Experimental

Materials
Bioadsorbent Tamarixaphylla plant is widely spread in West Desert in Egypt and was obtained from Matrouh Desert (Egypt) . The roots were separated from the stems and leaves, washed with distilled water several times until the filtrate was colourless to remove the surface adhered particles and water soluble particles. The roots were dried in an electric oven at 105 o C for 3 h, then finally ground using a mixer, and sieved to pass through a 50 -150 µm. The roots were chosen because the previous studies indicated that the cellulose content in roots is usually higher than in leaves and stems [8] .
Reagents
Lead acetate, EDTA, sodium hydroxide and nitric acid were all used as laboratory grade chemicals(Merck, Darmstadat, Germany).
Characterization of adsorbent
The Fourier Transform Infrared Spectrometer (FT-IR) analysis was used to identify the different functional groups present in TAB and Pb (II) ions loaded TAB. The IR spectra were recorded on a Perkin-Elmer Spectrum 1000 spectrophotometer over 4000-400 cm -1 using KBr disk technique.
Scanning Electron Microscope (SEM), JEOL JSM 840, was used to obtain the surface morphology of TAB residues before and after Pb adsorption.
Methods
Adsorption studies A known volume (100 mL) of a Pb(II) ions solution with a concentration in the range 100-1000 mg L -1 was placed in a 125 ml Erlenmeyer flask. An accurately weighed sample of TAB adsorbent (0.05 g) with a particle size in the range 50-150µm was then added to the solution. A series of such flasks were prepared, the pH values of the contents adjusted by the addition of 0.1 M HNO 3 or 0.1 M NaOH and then shaken at a constant speed of 150 rpm in a shaking water bath at 30 o C for two hours. At the end of the agitation time, the metal ion solutions were separated by filtration. Blank experiments were carried out simultaneously without the addition of the TAB adsorbent. The extent of metal ion adsorption onto adsorbent was calculated mathematically by measuring the metal ion concentration before and after the adsorption through direct titration against the standard EDTA solution. The amount of Pb(II) ions adsorbed on TAB at equilibrium, q e (mg/g) and percent removal of lead were calculated according to the following relationships:
where C o and C e are the initial and final concentrations of Pb (II) ions, mgL -1 , V(l) is the volume of adsorbate, W is the weight of TAB adsorbent (g). All experiments were carried out in duplicate and the mean values of q e were reported.
Error Analysis
In the single-component isotherm studies, the optimization procedure requires an error function to be defined to evaluate the fit of the isotherm to the experimental equilibrium data. The common error functions for determining the optimum isotherm parameters were, sum of absolute errors (EABS), Marquardt's percent standard deviation (MPSD), average percentage error (APE) and average relative error (ARE) [15] . In the present study, all error functions were used to determine the best fit in isotherm model as: 
Results and Discussion
Characterization of adsorbent FTIR Studies
The FT-IR spectra for native and Pb loaded TABwere recorded ( Fig. 1 above and down) to identify the different functional groups of TAB responsible for lead removal. The broad band positioned around 3389 cm -1 was assigned the stretching vibration of hydroxyl groups. The high content of water in the TAB and numerous hydroxyl groups in the polysaccharide structure of the plant cell walls explained the presence of this band. The appearance of a band at 1737 cm -1 in the Pb loaded TAB can be assigned to the carboxylate ion (-COO -). At pH greater than 4.0, the carboxylic acid group is converted to the carboxylate ion and Pb (II) ions are adsorbed. The involvement of carboxylic acid groups in the adsorption process explains the effect of pH on the adsorption process. At pH 2.0, majority of the carboxylate ions are converted to carboxylic acid groups (-COOH) and hence the adsorption efficiency decreases. However, the broadening of the peak (Fig. 1above) (Fig. 1b) . These shifts might be attributed to ion exchange associated with carboxylate and hydyroxylate anions, suggesting that acidic, carboxyl and hydroxyl groups, were predominant contributors in metal ion uptake [16] . To investigate the adsorption process further, the TAB and Pb (II) ions loaded TAB were observed under the scanning electron microscope.
SEM studies
The SEM images of the TAB and Pb loaded TAB are shown in Fig. 2 . SEM image of the powdered TAB (Fig. 2a) shows a regular symmetry with hollow tubular structures before adsorption. After Pb adsorption, the tubes appear to be prominently swollen as Pb enters the pores of the TAB (Fig. 2b ). This observation indicates that Pb is adsorbed to the functional groups of the TAB structure.
Factors Affecting Adsorption of Pb(II) Ions onto TAB
The biosorption process of heavy metals is influenced by several factors, such as pH, adsorbent dose, contact time and adsorbate concentration. The effects of these parameters were investigated in this section.
Effect of pH
The pH of the aqueous solution is an important controlling parameter in the adsorption process [17] . In the present work, adsorption of Pb (II) ions ontoTAB adsorbent was studied over the pH range of 2-4.5 for a constant adsorbent dose and constant concentration of adsorbate at 30 o C. As the acidity of the adsorption medium decreased, the extent of adsorption capacity, q e decreased ( Fig. 3) . At high acidity, the TAB particle surface will be completely covered with H 3 O + ions and Pb (II) ions can hardly compete with them for adsorption sites. With the increase in pH, the competing effect of hydronium ion decreases and the positively charged Pb (II) ions adsorb on the free binding sites of the adsorbents. This is a common observation for all cases of adsorption of metal cations on the solid surface in media of different acidity and basicity [18] . It is also significant that the active sites on the TAB are weakly acidic in nature and with increase in pH, they are gradually deprotonated making available more and more sites for metal ion uptake [19] . At pH value more than 4.5, the adsorption studied could not be carried out because metal ion will precipitate as lead hydroxide in this range [20] .
Effect of Adsorbent Concentration (Adsorbent Dose)
The effect of adsorbent dose on both the adsorption capacity and the percentage removal of Pb (II) ions onto TAB were studied at pH 4 employing adsorbent doses within the range 0.3-5 g/ land at a fixed initial metal ion concentration of 300 mg L -1 as shown in Fig.4 . It is clear from this figure that the percent removal of Pb (II) ions increases from 12.2 to 88.2 % by increasing the concentration of adsorbent from 0.1 to 5 g/l. The increase in percent removal of Pb (II) ions with increasing adsorbent concentration could be attributed to the greater availability of the exchangeable sites of the adsorbent. On the other hand, the adsorption capacity (q e ), or the amount of Pb (II) ions adsorbed per unit mass of adsorbent (mg/g), decreases by increasing the concentration of adsorbent (Fig. 4) . The decrease in adsorption capacity with increasing the adsorbent concentration is mainly due to overlapping of the adsorption sites as a result of overcrowding of the adsorbent particles and is also due to the competition among Pb(II) ions for the surface sites [21] . Figure 5 shows the effect of agitation time at two different adsorbate concentrations (324 and 542 mg L -1 ) on the adsorption capacity of TAB towards Pb (II) ions. It will be seen that the adsorption capacity increased with increasing agitation time and initial concentration of the adsorbate, remaining virtually constant after equilibrium had been attained. The time necessary to achieve equilibrium increased with increasing adsorbate concentration, being 30and 60 min for adsorbate concentrations of 324 and 542 mg L -1 , respectively. This contact time, which is one of the parameters for economical wastewater treatment plant operations, is quite small.
Effect of Contact Time
Kinetics of Adsorption:
In order to examine the controlling mechanism of biosorption process such as mass transfer and chemical reaction, kinetic models were used to test experimental data. Many applications, such as wastewater treatment and metal ions removal need a rapid biosorption rate and short contact time. The kinetic models (pseudo-first-order, pseudo-second-order, intraparticle diffusion and Bangham and Elovich models) were used to investigate the adsorption process of Pb(II) ions on TAB.
The pseudo-first-order equation [22] 
is:
Where q t is the amount of adsorbate adsorbed at time t (mg/g), q e is the adsorption capacity at equilibrium (mg/g), k is the pseudo-first-order rate constant (min -1 ), and t is the contact time (min). The integration of Eq. (7) with the initial condition, q t = 0 at t = 0, the following equation is obtained:
A first-order kinetic process is usually considered physical biosorption and the whole process is diffusion controlled.
In order to obtain the rate constants, the straight line plot of log (q e-q t ) against t for Pb (II) ions onto TAB have been tested. The intercept of this plot should give log q e . However, if the intercept does not equal to q e , the reaction is not likely to be first order even if this plot has high correlation coefficient (R 2 ) with the experimental data [23] . For the data obtained in the present study, the plots of log (q e -q t ) versus t as required by Eq. 8 for the adsorption of Pb (II) ions at initial concentrations of 324mg L -1 and 542 mg L -1 by TAB (figure not shown) gave correlation coefficients, R 2 , which had low values. This indicates that the adsorption of Pb (II) ions onto TAB is not acceptable for this model.
The pseudo-second-order model [23] is represented as:
where k 2 is the pseudo-second-order rate constant (g /mg.min). Integrating Eq. (9) with the initial condition, q t = 0 at t = 0, the following equation is obtained: (Fig. 6 ).
The correlation coefficient values (R 2 ) were 0.972 and 0.998 for the initial concentrations of 324 mg L -1 and 542 mg L -1 , respectively obtained from the pseudo-second-order model making them larger than those of the pseudo-first-order model (or the other applied models). The results obtained from the pseudo-second-order model were the best for describing the kinetics of Pb (II) ions onto TAB as shown in Fig. 6 and listed in Table 1 . The first-order and pseudo-second-order models cannot identify the diffusion mechanism and the kinetic results were then subjected to analyze by the intra-particle diffusion model.
The intra-particle diffusion model [24] can be expressed by the following equation: ) and q t is the amount of solute adsorbed per unit mass of the adsorbent. The data of solid phase metal concentration against time t at the initial concentrations of 324.3mg/l and 542.4 mg/l of Pb (II) ions were further processed for testing the rate of diffusion in the adsorption process.
The rate parameter for intra-particle diffusion, k p for the Pb (II) ions on TAB is measured according to Eq. 11. The plots of q t versus t 1/2 for the Pb (II) ions concentrations of 324mg L -1 and 542 mg L -1 of is shown in Fig. 7 . Different Pseudo-first order previous studies indicated that the plots of q t versus t 1/2 were multi-linear two or more steps govern the adsorption process [25] [26] [27] . The plot is curved at the initial portion followed by linear portion and plateau. The initial curved portion is attributed to the bulk diffusion and the linear portion is due to the intra-particle diffusion, while the plateau is corresponding to equilibrium. The deviation of straight lines from the origin (Fig.  8 ) may be due to the difference between the rate of mass transfer in the initial and final stages of adsorption. Further, such deviation of straight line from the origin indicates that the pore diffusion is not the rate-controlling step [28] . The values of k p (mg. g -1 .min -1 ) obtained from the slope of the straight line (Fig.8) are listed in Table 1 . The values of R 2 for the initial concentrations of 324 mg L -1 and 542 mg L -1 are listed also in Table 1 . The value of intercept, C (Table 1) give an idea about the boundary layer thickness, i.e., the larger the intercept, is the greater the boundary layer effect [29] . This value indicates that the adsorption of Pb(II) ions onto TABis acceptable for intra-particle diffusion mechanism.
Bangham's equation [30] was employed for applicability of adsorption of Pb (II) ions onto ATB, whether the adsorption process is diffusion controlled as follows:
where C o is the initial concentration of adsorbate (mg L -1 ), V is the volume of metal ion(ml), m is weight of adsorbent used per liter of solution (gL -1 ), q is the amount of adsorbate retained at time t (mg/g), 1 < )α ) and k 0 are constants.
If the experimental data are compatible with Bangham's equation, the biosorption kinetics is limited to the pore diffusion.
The double logarithmic plot, according to Eq. 12 yields satisfactory linear curves for the adsorption of Pb (II) ions by TAB (Fig. 9) Where α is the initial adsorption rate (mg/g. min) and β is the adsorption constant (g/mg) during the experiment. To simplify the Elovich equation, Chien and Clayton [31] assumed αβ <<1and by applying the boundary conditions q = 0 at t = 0 and q t = q t at t = t , Eq. 
Mechanism of adsorption
The adsorbent material, TAB can be considered to be microporous biopolymer; therefore, pores are large enough to let Pb (II) ions through. The mechanism of Pb (II) ions adsorption on porous adsorbents may involve four steps (i) diffusion of ions to the external surface of bio-adsorbent; (ii) diffusion of ions into the pores of bioadsorbent; (iii) adsorption of the lead ions on the internal surface of bio-adsorbent. (iv) Interaction between the anionic groups in bioadsorbent (-COOH groups) and the cations in solution. The anionic nature of TAB plays the key role in the adsorption process. The negatively surfaces of the biomass attract the oppositely charged lead cations and brings about stronger complexation. 
Effect of Adsorbate Concentration
Adsorption Isotherm Adsorption isotherm, describe how adsorbates interact with adsorbents, is critical in optimizing the use of adsorbents. The amount of adsorbate per unit mass of adsorbent at equilibrium, q e (mg/g) and the adsorbate equilibrium concentration, C e (mg L -1 ) allows plotting the adsorption isotherm, q e versus C e (Fig. 11) at 30 o C and mathematical models can be used to describe and characterize the adsorption process. The most common isotherms for describing solid-liquid sorption systems are Langmuir, Freundlich, Temkin, Dubinin and Halsey (two parameter isotherms), RedlichPeterson, Langmuir-Freundlich, Radk-Prausintz, Toth, Sips, Khan and Hill (three parameter isotherms), Weber-van Vliet, Fritz-Schlunder and Baudu (four parameter models) and FritzSchlunder (five parameter model). Therefore, in order to investigate the adsorption capacity of Pb (II) ions onto TAB, the experimental data were fitted to these equilibrium models.
Two Parameter Isotherms
Langmuir equation [32] was applied for adsorption equilibrium of Pb (II) ions by TAB. The assumption of this model is based on the maximum adsorption corresponds to a saturated monolayer of adsorbate molecules on the adsorbent surface and the energy of adsorption is constant as well as there is no transmigration of adsorbate in the plane surface. The nonlinear form of Langmuir isotherm is given by the following equation:
where a L is the Langmuir isotherm constant (L/ mg), K L is the Langmuir constant (L/g) and a L / K L represents the maximum adsorption capacity, Q max .
The Freundlich model [33] is a special case applied to non-ideal adsorption on heterogeneous surfaces and also to multilayer adsorption, suggesting that binding sites are not equivalent and/or independent. This model is described by Eq. 16 as follows:
Where q e is the equilibrium concentration of Pb(II) ions on TABadsorbent (mg/g), C e the equilibrium concentration of Pb(II) ions(mg L -1 ) and K F (mg/g) and n are the Freundlich constants characteristic of the system, indicators of adsorption capacity and adsorption intensity, respectively.
The Temkin isotherm [34] has been used in the following form:
Where R is the universal gas constant (8.31441
, T is the absolute temperature (K), A T is the Temkin isotherm constant (g/mg) and b T is Temkin constant.
Dubinin-RadushkevichIsotherm
[35] is generally expressed as follows:
Dubinin-Radushkevichhave reported that the characteristic sorption curve is related to the porous structure of the sorbent. The constant, B D is related to the mean free energy of sorption per mole of the adsorbate as it is transferred to the surface of the solid from infinite distance in the solution and this energy can be computed using the following relationship by Hasany and Chaudhary [36] as:
The Halsey [37] adsorption isotherm can be given as:
Wherek H and n are the Halsey isotherm constant and exponent, respectively. This equation is suitable for multilayer adsorption and the fitting of the experimental data to this equation attest to the heteroporous nature of the adsorbent.
Three Parameter Isotherms
Redlich-Peterson model is used as a compromise between Langmuir and Freundlich models, which can be written as [38] : 
+ = (21)
Where q e is the amount of mercury adsorbed (mg/g) at equilibrium, C e (mg L -1 ) is the concentration of adsorbate at equilibrium, A (L/g) and B are the Redlich constants and g is exponent, which lies between 1 and 0.
Toth isotherm model [39] is useful in describing heterogeneous adsorption systems, which satisfying both low and high-end boundary of the concentration [40] where, q mLF is the Langmuir-Freundlich maximum adsorption capacity (mg/g), k LF is the equilibrium constant for a heterogeneous solid and M LF is the heterogeneity parameter lies between 0 and 1.
Hill model [45] , assumes that adsorption process as a cooperative phenomenon, with the ligand binding ability at one site on the macromolecule, may influence the different binding sites on the same macromolecule. It is described by the following equation: Wherek D ,n H and s H are constants for Hill model.
Four parameter isotherms
Baudo isotherm [46] can be written in the following form:
Where q e is the adsorbed amount at equilibrium (mg/g), C e is the equilibrium concentration of adsorbate (mg L -1 ), q mo is the Baudo maximum adsorption capacity (mg/g), b o is the equilibrium constant, and x and y are the Baudo parameters.
Fritz-Schlunder isotherm
Another four-parameter equation of LangmuirFreundlich type was developed empirically by Fritz and Schlunder [47] . It is expressed by the equation:
Whereq e is the adsorbed amount at equilibrium (mg/ g), C e isthe equilibrium concentration of adsorbate (mg L -1 ), A andB are the FritzSchlunder parameters, and α and ß are the FritzSchlunder equation exponents. At high liquidphase concentrations of the adsorbate, the last equation reduces to the Freundlich equation.
Five parameter isotherm
Fritz-Schlunder isotherm Fritz and Schlunder [47] have proposed a five-parameter empirical expression which can represent a broad field of equilibrium data as:
Whereq e is the adsorbed amount at equilibrium (mg/ g), C e is the equilibrium concentration of adsorbate (mg L -1 ), q mFS is the Fritz-Schlunder maximum adsorption capacity(mg/g) and K 1 , k 2 , m 1 and m 2 are Fritz-Schlunder parameters. Table 2 [ [48] [49] [50] [51] [52] [53] [54] . It was found from this table that the TAB had a good affinity for removal of lead than other adsorbents.
The comparison between the experimental data and the data obtained from two, three, four and five parameter models (Fig. 12-15 ) as well as the constants and error analysis of two, three, four and five parameter models are given in Tables 3 -6 .
Error Analysis and Non-linear Regression Method
In nonlinear regression method, the validity of widely used isotherm models to the experimental data was examined by trial-and-error using the value is used to minimize the error distribution between the experimental equilibrium data and the predicted isotherms.
The fitting presentation of two, three, four and five parameter models are presented in Fig.  (12-15) as well as the constants and error analysis of two and three parameter models are given in Tables 4-7 .
Among two, three, four and five parameter 
Conclusions
TAB has been utilized as adsorbent material for the removal of Pb(II) ions from contaminated water. The ability of TAB to adsorb Pb(II) ions was investigated by using batch adsorption procedure. The data of the adsorption isotherm was tested by two, three, four and five parameter models by using non-linear regression technique. The best fitting model was first evaluated using four different error functions. The examination of all these error estimation methods showed that the Langmuir model provides the best fit for experimental data than other isotherms. The kinetics of adsorption of Pb (II) ions have been discussed using five kinetic models, i.e., the pseudo-first-order, the pseudo-second-order, Elovich, intraparticle diffusion and Bangham models. The adsorption of Pb(II) ions onto TAB could be well described by the pseudo-secondorder kinetic model. 
